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By Albert A. Schy, Ordway B. Gates, Jr., 
and C. X. Woodling 

I1 - SCME FZiSUITS OF P- STUDY PERFORME3 ON 

By Windsor L. Sherman and Leonard Sternfield 

IITL'RODUCTIOH 

The attack phzse of the  cmcletely  autmst ic   intercept ion of E. bomber, 
whicn begins  with  lock-on of the  interceptor radar and ends with  f i r ing of 
the  interceDtor a m e n t ,  is at gresent  receiving E great  deal of attention. 
The i n i t i a l  phase or" an analycical  intestigetion of several  aspects of t h i s  
problem has recently been  completed at the Langley Aeronautical  Laboratory. 
I n  this   invest igat ion  the dynamics of an advanced-design Interceptor, tine 
gemetry of the  at-iack, and the guidance cmputer, which used f i rs t -order  
lead-collision guidance equztions Tor rocket  firing, were completely  repre- 
senked.  Bemuse of the detailed sLm.dation  of the problem, f t  was necessery 
t o  use a very  large  analog computer, and tihrou&- the cooperetion of the  
U. S. Navy, the Tylhoon Computer a t  the U. S. Naval A i r  Development Cecter, 
Johnsville, Pa., was mde available -Lo the NACA for this  investigation. 
Acknowledgement is =de t o  t'ce personnel of t i e  Naval Air Development Center 
for  their   cocperation and assistance  in  sett ing up and operating  the Typhcmon 
Cmpu-Ler during ticis study. 

Par t  I of t h i s  paper  presents sone results of preliminary studies of 
l z t e r z l  and longitudinal  control systems of the t E e  used in   t he  Typhoon 
investigation.  In  these  studies  Eppropriate  simplifice.tions yere nade t o  
pemi t   the  use of the   andog eguiprrent avzilable at the Lengley Aeronautical 
Woorzkory. I n  the following  dfscussion, these studies  are  called  the 
"siqdlf'ied" sturiies, and the Typhoon study is  czlled the "complete" study. 
In   the  simplif'ied  studies, .Ghree degrees of freedom were considered i n  both 
the l a t e r a l  and longitudinal  system. Some results of the Typhoon icvesti-  
gation are presented i n  part  11 of this paper. 
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c, pitching-moment coefficient 

Tx,Fy,Fz aerodynanic forces along X-, Y-, and Z-axes, respectively 

1 x 9  ly, Iz noments of iner t ia  &out X-, Y-, a d  Z-axes, respectively 

Q ecceleration of grzvity 

43  chmge i n  normal acceleration 

K constmt 

2i,~i,ni  ciirection  cosines  relating  airplane  principal body exes and 
space exes 

L’ rol l lng xomect 

K Mech number 

Me sredicted azirnuth miss distance 

Me predicted  elevction miss distance 
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airplzne  =ass , 
pitching monent 

yzwing norner!.t 

roll ing  velocity 

pitching  velocity 

future range 

yzwirg velocity 

steady-state  x-velocity 

perturbation  x-velocity 

forward velocity 

y-velocity compocezt 

a i n l a n e  weight 

steady-state  z-velocity component 
perturbation  z-velocity component 

& z l e  of attack 

mgle of  s idesl ip  

f l i g h t  -path  angle 

desired chenge ic flight-path -le 

aileron mgle 

elevator -le 

rudder angle 

resd ten t   s teer ing   e r ror ,  &- 
azimuth steering  error 

elevation  steeripg  error 

ro l l -m? le   e r ro r  - 
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e argle of pitch 

QI angle of r o l l   ( o r  b d )  

u) frequency 

Subscripts: 

C commend 

c r   c r i t i c a l  

i 1, 2, 3 

0 steedy-state  corditions 

One or two dots  over E synbol indicetes f i rs t  o r  second tb1e  derivative,  
respectively. 

F i g a e  1 i l lu s txa t e s   t i e   t i e - in  system by which the  input c o n ~ ~ n d s  
t o  the   l a te re l  azld longLtudina1  control systems were obtained frcm oat- 
pu-53 of the gufdance computer. For a given  orientation between the 
interceptor arld the  predicted  target  position,  the  elevation miss dis- 
tance k!!, the  azixuth miss dis tmce  Flay the  future range %, and the 
“time t o  go” tg were obtzined frolr the guidance  corrputer. In  order 
t o  compute the  instantmeous miss distances,  both  the  interceptor a d  
the  target  were assmed  to   mintain  their   ins tantmeous  veloci t ies   for  
the t i m e  tg, at which t-he  the  rockets axe f i red.  The rocket;  time of 
f l i g h t  vas 1.5 seconds, and the  rocket  velocity was parsllel  t o  the  inter-  
ceptor  velocity a t  2,000 feet   per second. The miss aistances were obtained 
in  airplme  coordinates.  The input  to  the  leteral   (aileron)  control system 
i s  the u c  tangent  of  the  ratio of zzhu th  end elevation miss distences. 
The lzteral error disappeas when the airplane rolls through  the angle 

silzce the  predicted  terget  tnen  l ies  in  the  longitudinal  plane of the 
interceptor. The longituiiinal  error i s  the   ra t io  of the  elevation miss 
distance t o  the  future range Etnd is  basically &q error in   f l ight   path.  
This  error  commds an elevator  deflection  to aim the  f l ight   peth towerd 
the  predicted  target  position. The rudder i s  used  only t o  dmp  the  la teral  
osci l la t ion of tne  airplane and does not  respond d i rec t ly   to   the  guidance 
cornmds.  This  sinple  tie-in  systex  neglects  the  effect of g rwi ty ,  and 
the  result ing maneuver is therefore  not  properly  coordinated. It was 
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desired t o  see whether a f a s t   r o l l  response 
coordination  unimportant. - 

A block diagram of the lateral control 

would make the  lack of 

system is shown i n  figure 2. 
I n  the  sjmplified  study a step command i n  be,& ( r o l l )  angle wes zpplied 
end the   a i rp lme bazk angle was fed back, as shown by the  dotted  line, 
in  order  to  obtain  the bank error  ~ g .  No terget  motions or  guidance 
were considered. In the complete study the bank error  E# was obtained 
from filtered values of t'ne miss distances  calculated by the &dance 
computer, without an actual bmds feedback. The ef fec t  of the miss- 
distance  I'Fltering on the bank  comand was lmgely  eliminated  in  the 
conrglete study by using  cross-roll  corrections  in  the filter; conse- 
quently, no f i l t e r  was included i n  the simplified  analysis of the r o l l -  
control system. The ban& error  was amplified and fed  into  the  aileron 
servo to  obtain  eileron  deflections. -Rate and acceleration  feedbecks 
were used to stabilize  the  airplane-servo loop. The transfer  function 
of the  servo was represented by a first-order time lag, end the servo 
was assumed t o  have limits on the mgnitude end rate of i t s  output 
deflection. 

Some characterist ics of the eirplane-servo system are now presenked 
t o  show the importance of various components Ln the   lz teral   control  system. 
Figu-re 3 presents  several  inverse open-loop complex plots,  showing some 
undesirable  properties of the interceptor es e. roll-control system and 
how these  properties can  be corrected. The imaginary par t  of the  inverse 
open-loop transfer  function is plotted along the ordinate, and the reel 
part d o n g  the  ebscissa. Velues of angular frequency cu are shoxn at 
points along the  curves. The curve labeled  airplane  elone"  represents 
the  simplest  roll-control system, which would have simply the  amplifier 
and servo  deflecting  the  aileron in response t o  the comand. With servo 
l w s  zn6. l h i t i n g  neglected,  the  response of such E system i s  determined 
by the r o l l  transfer  function of the interceptor   i tsel f .  Note tha t   the  
curve  has a l u g e  loop, which indicates an u-alesirable dig i n  the  f re -  
quency response, and l o w  v&lues of  the  ordinate a t  high frequency, which 
indicate  insufficient r o l l  damping. The mdesirable loog i n  the curve 
is caused by the  Dutch-roll node, as cas  be seeh by conqerison with the 
curve i n  which e relatively  strong yaw  damper has beer- included in   the 
eirplaoe  transfer f'unction t o  inhibit the Dutch-roll  oscillation. The 
th i rd  c - . e  shows the t  by  adding some rol l - ra te  feedback, in   addi t ion t o  
the yaw damper, a desirable me of inverse open-loop  curve i s  obtained. 
Both the yew m e r  end ra te  feedback were therefore included in   t he  con- 
t r o l  system f o r  the complete iwest iget ion.  

I1 

The very  stror-g effect  o? the  Dutch-roll node  on the r o l l  response 
of t h i s  airplane LE caused  by the  presence of a laxge  product of iner t ie .  
Although the  groduct of inertiz  increases  the  Dutch-roll damping in   t he  
present example, it also introduces a coupling between the yawi-ng and 
rol l ing which makes it very d i f f i c u l t  t o  remove the  Dutch-roll  oscillation 
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from the  roll ing motion. It therefore  appears  that a large  value of 
product of iner t ia  is undesirable when a nonoscillatory  roll response 
is required. The open-loop anzlysis is valid only for   l inear  systems. 
However, since limits were put on the  aileron and elevator rates and 
deflections, both the lateral and longitudinal  control systems were 
actually  nonlinear.  Figure 4 presents some resul ts  showing typical 
effects  of limiting on the   l a te ra l  system. Time his tor ies  of r o l l  
response and aileron  deflection  are s h m .  

The aileron engle is l imited  to t20°, and the   ra te  of deflection is 
limited t o  f120° per second. The basic system had enough r a t e  feedback 
t o  Frovide  a well-damped response  according t o  a lineas  analysis. As 
shown by the  solid-line  curves,  the  control-rate  limiting  causes a poor 
response  with a neutrally  stable  oscillation. Although the  eddition of 
r a t e  feedback  tends to   s t ab i l i ze  this oscil lation, even a very  large 
increase, which slows up the  response  considerably,  leaves a s l i gh t  amount 
of lb i t ing   osc i l la t ion ,   as  can be seen from the dashed curves. The use 
of a small amount of acceleration feedback, however, eliminates  the  rate- 
l imiting  oscil lation  entirely.  It can  be seen tha t  a smooth, rapid 
response i s  obtained with no l imiting  oscil lation i n  t'ne control. Accel- 
eration feedback was therefore  included i n  the complete study. It i s  
interest ing  to  note tha t  a lineax analysis shows thak the combinetion 
of ra te  and acceleration feedbecks is also very  effective  in compensating 
f o r  the destabil izing  effect  of a first-order time lag i n  the system. 
Thia resul t   indicates   that  it may be possible t o  consider rate  l imiting 
i n  e. control  servo  as  being similar t o  an effective  l inear time lag i n  
the  servo. A more detailed  analysis of the   l a te ra l  system is presented 
in  reference 1. 

Figure 'j shows the  longitudinal  control system. I n  set t ing up the 
longitudinal  atteck problem, a simplified form of the  first-order l e d -  
col l is ion guidance equations was used to  calculate  the  longitudinal  error 
input,  vhich can be considered  as en error in  flight-path  angle.  This 
error  vas f i l t e r e d  and mglif ied,  and, i n  some cases, also integrated, 
a d  the  resulting  signal wes used t o  command a ra te  of change of Slight- 
psth  angle 7. Accelerstion  limiting was obtained by l i n i t i ng  this  
conmend i n  7. The lizxLts used  corresponded t o  5g and -2g i n  the steady 
s ta te .  The e r ror   in  7 was then  amplified (and sometimes also integrated) 
and applied  to  the  elevator  servo which caused the sirplane t o  meneuver. 
The integrator  in  the  inner loop was sometimes used i n  order t o  m a k e  the  
Steady output  acceleration qua3 the command value. The use of t h i s  
integrator WES not essential ,  however, and good response  could be obtained 
from the acceleration-command loop  with or  without this   integrator  by 
proper  gain  adjustment. The f i l t e r  and servo dynamics  were represented 
by first-order  t ine lzgs, and the servo  output was l imited  in   re te  and 
deflection.  Pitch  rate and acceleration feedbacks were found t o  be 
effective i n  stabil iziag  the  airplae-servo loop, i n  a m m e r  sjmilar 
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t o  that  already  discussed  in  connection w i t h  r o l l   r e t e  uld acceleration 
feedbacks in   the  la terel   systen.  Effec-is of speed loss were included i n  
the  representation or" the  a+tcplule  resoonse. 

The interceptor was assumed to be flyi-ng a% an a l t i tude  of 50,000 fee t  
at Mach nmber 2.2. The lock-on rmge was 60,000 fee t  , and at lock-on 
the  tmget  xes assumed t o  be above the interceptor and flying toward the 
interceptor on a parallel   path 2t Mach n u h e r  1.4. The redar lock-on 
angles  varied from 20 t o  loo, which corresgocded t o  i n i t i a l   a l t r t u d e  dif- 
ferences between 4,000 f e e t  and 12,500 feet.  Solutions vere obtained 
both f o r  s t ra ight   f lying  targets  and for   targets   f lying wi th  constant 
acceleretion et  lock-on. Agdnst aa accelerating  tsrget,  the first- 
order  guidance  requires  that  the  Fntercestor  accelerate i n  the s t e w  
state .   In   order  t o  obtain a steady  acceleretion w5th the  control system 
considered  here,  there must e i ther  be a steady-stzte  bias-error  input, 
or  the  integrator must be  used in   the  ozter  loop. IT the  tracking  inte- 
gretor i s  -not used, re la t ively high  tracking  gain must be  used in  order 
t o  keep the  bias.  error  egeinst e maneuvering target  lox. A comgiarison 
was nade of the  responses  obtained by usirg  the high-gain system and the 
low-gain  system with integrator   for   thee  different   ini t ia l   condi t ions.  

Figure 6 shows the  calculated  miss-distance  responses  for  the high- 
gain  no-integration system fo r  an i n l t i a l  r d m  lock-on angle of 7.5O 
against a nonmaneuvering aid a mneuvering target, and f o r  an i n i t i a l  
radar lock-on a w l e  of 2O against a mmeuverinz target.  The Sbscissa 
indicates  time from lock-on. The early purt of the motion is not shown 
Tn order  to  obtain a reasonable  scale  factor f o r  t h e   f i n a l  miss distances. 
Each run ends at the   f i r ing  time. For comarison,  lines of constant 
f l ight-path  error of x) mils are shown. Although the  notions are oscil- 
l a tory  and have veqing  &mvrts of i n i t i a l  overshoot, the f i n a l  aiss 
distance i s  small for  each  case, showing Vmt the high-gain  no-iGtegretor 
system czn give  satisfactorily low d s s  distances f o r  a h rge   va r i e ty  
of i n i t i a l  conditions. It should be mentioned tkt wains t   the  maneuvering 
tezget, 6n increment of 36 feet   per  g should  be adcied t o  the  calcukted 
fi-nd miss because 03 the  curvature of the  tzrget  flight  path  during  the 
time of f l i gh t  of the  rockets, which was assumed t o  be 1.5 seconds. T-he 
oscill&ory  properties of %he response were prkmri ly  caused by the 
0.6-second t h e   c o n s t a t  of t h e   f i l t e r  m d  the  high  tracking  gain neces- 
s a y  against a maneuvering taxget.  Cutting this time  constest in  half 
removed most of the  undesirable  oscillation. For lower tracking  gein, 
excellent no-overshoot responses  could be obtained  against a nomaneu- 
ver5ng target  even w i t ' n  t'ne 0.6-second f i l t e r ,   bu t   l a rge  bias errors 
were obtained  against  the maneuvering target .  

Figure 7 shows the  miss distances, f o r  the sane s e t  of icitial con- 
a t i o n s ,  obtained by use of the tracking  integrator with Low traclang 
gain. The  emount of in tegra tor   gdn  was chosen to gLve ul excellent 
response fo r  t h e   i n i t i a l  7.50 radar angle  zgainst a maneuvering target.  - I 
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T h i s  zmourt of integrator  signal  crused a lmge  overshoot &gainst tne 
normaneuvering tzrget  and resulted  in a f i n a l  miss distance of aboat 
200 feet.. On the  other hand, for  the  case of t he   s aa l l   i n i t i a l   e r ro r  
against a manewering target,  the  integrator  signal was too small aad 
resulted i n  a miss distarce of agproximately 100 feet .  These resul ts  
i l l u s t r a t e  a bas ic   d i f f icu l ty   in   the  use of  a constant-gain  trecking 
integrctor  for a vasie5y of lock-on angles and t a rge t   meuver s .  Since 
tke  integrator  signal m u s t  Srovide  the  bias command to   bui ld  up a steady 
acceleretion  fairly rapLdly even fo r  small  initial.  errors, it tends  to 
ca-zse large  overshoots  for  iwge  inii;iel  errors  against a nomaneuvering 
target.  1% would therefore seem tha t ,  i f  E. tracking  integrator is t o  be 
used, it wculd  be desirEble  to have  a nonlinear  gain or, possibly, some 
device wl*l_ich  wozld switch  the  integrator on only  in   the  range of smell 
errors.   In  the complete investigation,  the  high-gain  systen was used 
withoxt the integrator. 

AltholGh there was not  sufficient  t ixe for a detailed  study of the 
autopilots on the Typhoon sir;iu1ator, the  gains chosen on the basis of the 
silr-slified  stuclies  aspeared  satisfactory. The effects  of  varying  several 
of the xost Lrportant  gains were investigated, and i n  no case  vas it 
foTund desircble t o  change the  gains  predicted from the  sinplified  malyses. 

I1 - SObE R E U L T S  OF A STUDY P E R F O ~ ~  OK TYPHOON COMpUE3R 
I 

As pointed  out  in  part I of this paper this study of the  attack phase 
of the  automatically  controlled  interceptor was perforned  on  the Typhoon 
Conputer. The purpose of this section is to  present sone of the results of 
t h e   f i r s t  phase of the  investigation of the  attack problem. The objec- 
t ives  of t h i s  phase were: 

(1) To determine the necessery  nathematical  representation of the 
a i rp lme for use i n  a sinulation problem. This  deternination was made 
by studying the  effect  of the  cross-coupling terms in  the  equetions of 
not  ion. 

(2) To study  the  effect of nonlinear aerodynamics on the  airplene 
response. 

Figwe 8 shows the  attack phase as se t  up fo r   t h i s  study. The 
rdar, cozputer, and flight-data  instrunents which supply  interceptor 
f l i gh t  dztz t o  t'ne computer md automatic p i lo t s  were  assumed t o  be 
dynanically  perfect. The autonatic  oilot used i n   t h i s  study was described 
in  section I of t h i s  paper. 

The target  vas program3  to fly a straight-l ine course at  a mch 
nm-ber of 1 .4  a t  50,000 feet  o r  t o  perform a f2g verticzl-plene maneuver 
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at the seme  Mach nu-ber. The radar was assumed t o  be a n  automatic- 
trecking  fire-control radar w i t h  e, sgace-stabilized lir-e or sight. The 

range, and r a g e  rate t o  the guidmce camputer. The computer,  which i n  
conjunction with rdm forms director tyye of fire-control system, 
uses  the date. supplied by the radar m d  a snd p from the flight data 
sensors t o  solve  the  equations  for a lesd-collision  rocket-firing  cowse. 
The rocket is sssumed t o  have an average f l ight   veloci ty  of 2,000 fee t  
per secoEd re la t ive  t o  the interceptor and a time of f l i gh t  of 1.5 seconds. 

- rad- supplies the antenna  angles, argular velocity of the  Une of sight 

The solution of the  fire-control  equations i s  presented es the  pre- 
dictec a z h u t h  and elevztion n i s s  distances. The d s s  distances  ere  then 
filtered,  corrected  for  cross-roll  effects m-d converted t o  azinuth md  
elevation  steering  errors E& and by the  followhg formulas: 

Azimuth steering  error: 

Elevction  steering  error and pi tch c o m d :  

Roll corrimznd: 

The rirplane  equetions of notion are expressed as follows: 
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r -I 

m ( i  + rq, - pwo) + m(r AI - p AW)] = m3 + F~ 
L 

r -7 

a 

21 = 4 r  - niq 

% = nip - 2ir 

i = 1, 2, 3 (13) 

Equations (4) t o  (9) are six-degree-of-freedom  rigid-body equatfons of 
notion  referenced t o  principal body axes and are  referred  to  herein as 
"canplete"  equations. The eqmtions of motion  were analogued so that  
the  cross-coupling terms, which are  the terms in  brackets  in  equations (4) 
t o  (g), could be deleted. When these t e rn   a r e   de l e t ed  the equations 
reduce t o  a s e t  of linear  equations which approximate the  classical   l inear 
airplane  stability  equations. 
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The direction  cosines,  obtained from the  equetions (11) t o  (131, are 
used t o  supply  interceptor  attitude  infomzztion needed to  simulate the 

I radar. The direction  cosines 23, m3, and n3 were used t o  account 
accurately  for  gravity acceler&xLons in  the  force  equations. 

The aerodynamics considered fo r  the problem include  nonlinearities 
in   the  s tabi l i ty   der ivet ives  thet were functions of the Mach  number and 
&"gle of atteck. The derivztives Cni and C z -  were omitted, as were 

the aerodynamic cross-coupling  terms  such as 
B 

% - 
The first objective, which was t o  study  the  airplene  representation, 

was carried  out by d i n g  computer runs with the conzplete and l inear equa- 
tions of notion. Some of these  results are shown in   f igure 9. The diagram 
et the  r ight shows the i n i t i a l  condition  used. The target  and interceptor 
axe flying at r igh t  a l e s  t o  each  other ard t h e  l ine  of sight .=t lock-on 
i s  displeced 4 5 O  i n  azimuth from the center lice of the  interceptor. The 
lock-on range along the l i ne  of sight is 60,000 feet and the interceptor 
flight,  condition is straight and leve l  trimmed flight at  a &ch rider 

d of 2.2. The t ine  his tor ies  show bmk  angle end normal ecceleration,  for 
18 seconds, from t i m e  of  lock-on t o  the firtng point. 

The differences between the results obtained w i t h  the complete  equa- 
tions and with the linear  equations are errors  introduced when a l inear 
representztion of the airplvle  i s  assumed. Similer  errors  occurred  in 
the  other  degrees of freedom  of the  airplaqe and for  other bow and bean 
attecks with different init ial  conditions. By systematic  deletion of 
the  cross-product terms in   t he  equations of motion, these errors  were 
treced t o  the orrrission of  cross-coupling terms that are functions of 
rolling  velocity. Or" these terms, g L!M i n  the side-force  equation ( 5 )  
wes fow-d t o  be the dominant term. The other  cross-coupling terms involving 
r o l l i n g  v e l o c i t L  pv, pq, and pr, while producing smeller effects  thm Ln neglected. The cross-coupling terms such as r v  and qr 
had no epperent effect  011 the airplane  response. 

Figure 10 shows the  predicted  terminel miss distences as obtained f o r  
the  coxplete and l i n e a  representations of the airplene. The use of the 
l i n e a  equations  introduces errors i n  the predicted  terminel miss distances 
of  s,pproximately 300 fee t  i n  azimuth and 500 feet   in  elevation. 

As discussed i n  the f irst  section the  airplene  resqonse becmes 
oscil latory when the lidt on the rate of control-surfece  deflection i s  
reduced. The resu l t s  of t h i s  study  indicate that, when the airplane is 
represented by complete equations, lower control-surface rate lirnits can 
be used before  the  airplane response becmes  oscillatory. Thus, fo r  the 
system  considered  the c r i t i c a l   r a t e  of control-surface  deflection  should 
be determined when the  airplane is  represented by the complete equations. 
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The linear  ea_mtions Wizh the  rolling-velocity  cross-product terms 
added vere used to  represent  the  airplene end reductions  in  the rate of 
control-surface  deflection gave resul ts   tnat  were the same zs for   the 
complete equztions . 

The r e s f i t s  of the investigation of the  representation of the  a i r -  
plane nlzy be sumiarized as fo l lo i~s :  The use  of linear  equations  to 
represent  the  airplvle  introduces  errors i? the  airplene  response an6 
the azimuth &nd elevation miss  dis-iances. I n  addition  the  use of l inear 
equations  predicts a hign  value for t'rre cri-l iczl   rate of control-surface 
deflection. These differences were found t o  be functions of the  cross- 
groduct  tex-s  thzt involve rolling  velocity. Thus for  the  airplane and 
guidance systen  cozsidered  the  airplane can be represented by the  l iqeer 
eqEations  with p Ow, pv, pq, aad pr zdded. 

The second objective of  tlze calcuht ions made  on the Typhoon  CorrpQter 
was t o  study  tne  effects of  nonlinezr aerodynamic pzrmeters on the air- 
plane  response. The r e s -d t s  of -And-tunr,el t e s t s  were used to  obtain 
reFresentative  zonlizear aerociymmics for iccorporation  in  the  problex. 
The nonlinear Eerodynamic parameters were  programed as polyr?omLal functions 
of t k e  Nach nmber a d  a g l e  of attack.  Figure 11 shows the  variations 
i n  pitching-moment ccefficient C, ana the  stzbil i ty  derivatives C 

and Cz with Mach nuz3er md mgle of atteck. The linear  values of 
Cr- md C are   obtshed by extendip!  the  straight  line  that rms from 
u = Oo t o  OL = Go through the  ulgle-of-attack-range. I n  the  case of 
Cxp the  vzlue  correspondirg to   the  trin: angle of attack (a = 20) was used. 

In figure 11 the  nonlinear part of the  airplane  paxmeters shown starts 
zt a = 60. Provisions were m a d e  for  the  angle of a t tack   a t  which the 
nonlineerity  started  to be  varied.  In  addition t o  the s tab i l i ty   der i -  
vztives sko-i  in  f igure 11, CzP and C% were p-rogramed with  nonlinear 
variations. 

nP 
P 

Calculetions  vere n&e with  the  nonlinezr gitching-moment coefficient 
aMed t c  the  airplane  representation.  In  fig-me 12 are  presented time 
histories of nomel  acceleration a d  elevator  deflection  obtained by use 
of t h e   l i n e a  and nonlinezr  values of Cm. The t i r re   his tor ies   in   this  
figure skow tha%  pert of an lhsecond  atteck rm during which the non- 
linear  portion of C, was effective. Althoagh the  cwves  for  noma1 
acceleration show differences,  the  integrals of the n o m 1  acceleration 
over  the tize interval  during which the Eonline= C, i s  efTective  are 
apgroxima-cely equal. The l8rges-t differences  occurred  in  elevator 
deflec-cion. A conp%rison of the  elevator  deflections  for  the  lineaz and 
nonlinear pitching-nonent coefflcienix shows that  the  elevator  deflections 
are  the seme f o r  t i e  first p u t  of the time history bu+, that   large  dif-  
ferences o c c r  ir_ the lest pz--L of the t5me history Tor -,he same normal 



acceleration. These results  indicate  that   the automatic p i lo t  wes eble 
t o  cope with  the changes i n  aerodynamics md t o  maintain  the saxe normal 
acceleration by moving the  control  surface in a different manner. 

Figure 13 shows t ine   h i s tor ies  of the  rolling-velocity  response and 
aileron  dezlection  for  linear and nonlinear le te ra l   s tab i l i ty   der iva t ives .  
The rolling-velocity  response was the sane for the  l inear and nonlrnear 
derivatives. The aileron  deflection  for this rolling-velocity  response 
with linear  derivatives is shown by the  sol id   l ine in tk lower s e t  of 
curves. When the  nonlinear was added, i n  a w n e r   t o  decrease  the 
d i rec t iona l   s tcb i l i ty   as   the  angle of attack  increased,  large  sideslip 
velocit ies developed. The contribution of Czgp t o  the ro l l ing  moment 

increases and tends t o  counter  the  rolling  velocity a d ,  as shokm by the 
dash-line  curve, more aileron  deflection Is required to maintain  the same 
rolling  velocity. When the norlinea-r Czp was added in a manner t o  

reduce the positive  effective  dihedral with -le of attack,  the Cz p 

effect  decreased md the  aileron  notion followed tce curve labelea "non- 
l inear  Cn + CzB . T-he aileron  deflection  required  to  maintain  the 

rol l ing response when a l l  nonlinear  derivatives were present is also 
shown i n  this figure. As vas found in t'ne study of pitc'ntng monents, 
the  automatic p i lo t  co2es with the changes i n  aerodyndcs  and aakes  use 
of dir'ferent  control-surface  deflections t o  compensate f o r  this  change 
and thereby mainkains the same rolling velocity when the  nonlinear  eero- 
dynamic pmameters are used. 

P 
tr 

These results  indicate that, for  the  interceptor  systen considered, 
nonlineaxities in the aZrplme stab2lity  derivatives do not  effect  the 
airplvle response i n   p i t c h   o r   i n  r o l l .  Ifowever, different  control-surface 
motions are required  to  maintain the airplvle  response. Thus, i f  non- 
lfnearit ies  exist   in  the  airplane  stabil i ty  derivatives,   these  nonlin- 
eaz i t ies  should  be  included as part  of the  airplane  simulation  in  order 
t o  obtain  realistic  cor-trol-surface  deflections. 

I n  addition t o  the two primxry objectives of this study some prob- 
lems associated with the r o l l  comand were investigated. 

The vertical-plane  studies of the  interceptor problem reported i~ 
part  I of  t h i s  paper ( f igs .  6 and 7) shawed that a hi&-gain  longi- 
tudinal  control system wzs required  to t rack a maneuvering target  when 
integrators were onLtted f-rm the tracking loop. The high-gain longi- 
tudinel  control system was used in this stu&y. In eddition,  these  results 
indicated  that  changes in   s ign of th'e elevation  steering  error w i l l  occur. 
These changes i n  sign of the  elevation  steering  error have a detrimental 
effect  on the  roll-control system becmse of the  type of roll comnan& used 
thus  far   in  t h i s  study. For this reason,  the  high-gaia  Longitudinal 

- - 
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control system was studied wit'n three d i f f e ren t   ro l l   comnds ,  which are 
i l l u s t r a t e6   i n  figrlre 14. 

These sketches are a presentction of the guidance computer output. 
The axes of the  coxputer are coincident with the interceptor  reference 
axes a-d the  predicted impact point may aFpear at any point  in the plane. 
The predicted impact point is displaced from the  origin by the  steering 
errors E a  positive along the  interceptor Y-axis and positive along 
t h e  interceptor  negative Z-axis. When the  type I r o l l  command ( t h e   r o l l  
com7.m-d used up t o  now) is  used and the  predicted impact point is in   the  
first quadrant,  the  interceptor  rolls  to the r ight  through  angle E$ and 
uses  positive  acceleration  to reduce the steering errors  to  zero.  If €e 
changes sign  dwing the attack nm, a large  aileron kick is commanded as 
€e ?asses through  zero. The type I1 r o l l  comand i l lus t ra ted  in f ig-  
ure 14 eliminates this large aileron  kick by switching  the r o l l  command 
fron  the  inverse  tangent t o  one the t  i s  proportional  to azimuth steering 
error. This  switch  occurs when the  predicted inrpact point  appesrs  within 
the  circular boundary E C r  ( t h a t  is, E < +r)  . Another d i f f icu l ty  is 
associated w i t h  both  the  type I and type S I   r o l l  cornclanas. This problem 
i s  i l lus t ra ted   in   the  third sketch i n  figure 14. When the impact point 
appears at the  point  lcbeled @ i n  the diagran, the  interceptor i s  ordered 
t o  r o l l  throxgh the angle €dl, which is greater  than goo. Since  the  sign 

or" Ee i s  negative,  the  interceptor  develops a negative  acceleration and, 
cnder this  influence, moves dom ar-d away from the t a rge t   un t i l   t he   ro l l  
has changed the sign of ce. One  way to   a l l ev ia t e  this condition is t o  
change the r o l l  order! when €e i s  negative so that  the  predicted impact 
point  appears  as  thowh it were located at point @ i n  the diagram. 
When this chvlge is made, the  interceptor   rol ls   to   the l e f t  through  the 
smdl angle t o  reduce the azimuth miss distance  to  zero. However, 
the corm?and to  the  longitudinal  control system, i s  unchanged  and the 
interceptor  uses  negative  acceleration to   c lose  on the correct Impact 
point  loceted at 0. The type 111 r o l l  comand i s  the same as the type I1 
command, except tha t  such a chawe hes been Ilrade for  I E: 1 < ECrm I n   t h i s  
case the only  chsnge  needed is to  reverse the sign or" the r o l l  order when 
E e  < 0. Thus, the interceptor will r o l l  through the smallest angle to 
provide  zero azimuth ~ d s s  distance. 

1 

I 

Figure 15 compares the  rolling-velocity  response and aileron  deflec- 
t ions  for   these  three  rol l  commands. I n   t h i s  case the  interceptor is 
making a he&-on attack  against a nomaneuvering target.  Again the lock- 
on range i s  60,000 fee t  and the Mach nunbers of the  interceptor and target  
me 2.2 end 1.4,  respectively. 



A comparison of the  type I cormand with tine type I1 command  shows 
thz t  the type I1 cormand tends t o  reduce the  large  aileron  kicks and 
rol l ing  veloci t ies   that  occur xhen the  type I command is used as €e 
passes through zero. A comperison of the t E e  111 roll-command response 
w i t h  the  responses for  the  other two r o l l  conmands indicates th&t the 
type I11 r o l l  command elimina-ies the  difficulties  experienced d-th the 
other two r o l l  cormnands. An examination of the  normal-acceleration 
response showed it t o  be less   osc i l la tory  end fron 4.25 seconds the 
fnterceptor use4 negative  accelerekion  to  close on the  predicted impact 
point. The peak nomel  acceleration  during  this  part of the run was -2g. 

* 

A cozplete  evaluation of the  type 111 r o l l  command could  not be made, 
inaszuch  as the interceptor assumed an inverted  attitude for the l a s t  part 
of the  attack run. This resu l t  WES probably caused by the  leck of proper 
sequencing of the r o l l  and flight-path comands and by the omission of 
gravlty  corrections from the r o l l  order. 'The. inverted flight at t i tude,  
consequently, i s  not  believed t o  represent an inherent  defect of the 
type I11 r o l l  command. 

One aore  point,  the speed loss dwing  the  ettack m, is worthy of 
mention. The speed loss w a s  found to be a function of ilzitial condition 
and rsn as  high  as l.2 percent of the   in i t ia l   ve loc l ty  f o r  attack runs 

were observed when the  target  wes making a 2g maneuver. 
I against a normaneuvering terget .  Speed losses as high  as 25 percent 

Langley Aeroneutical  hborztory, 
National Advisory Cormnittee for Aeronautics, 

Lmgley Field, Va., May 11, 1955. 
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INVERSE OPEN-LOOP COMPLEX PLOTS FOR IDEALIZED 
ROLL CONTROL SYSTEMS 
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LONGITUDINAL CONTROL SYSTEM 
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PREDICTED MISS AT FIRING TIME WITH LOW 
TRACKING  GAIN AND TRACKING  INTEGRAL 
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COMPARISON OF AiRPLANE  RESPONSE FOR THE COMPLETE 
AND LINEAR EQUATIONS . 
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NONLINEAR  AERODYNAMICS 
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NONLINEAR AERODYNAMICS - EFFECT ON LATERAL RESPONSE 

NONLINEAR 
END OF 

ROLLING 

RADlANS/SEc, 

-4 

A LINEAR AERO. 
"" NONLINEAR Cng i 

AILERON "1 bJ- r,L+""- """ ALL NONLINEAR  DER 
NONLINEAR Grip+ CzB 

DEFLECTION, ---"""_ 
DEG , \,"""""- 

:j '4 
-IOL 

l 

0 I 
T I M E  ,SEC 

ROLL COMMAND VARIATIONS 

TYPE I 
E+ TAN-' 

Figure 14 



24 

INTERCEPTOR ROLL RESPONSE  FOR 
TYPES I,II, AND Et ROLL COMMAND 
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